Although helix P4 in the catalytic domain of the RNase P ribozyme is known to coordinate magnesium ions important for activity, distinguishing between direct and indirect roles in catalysis has been difficult. Here, we provide evidence for an indirect role in catalysis by showing that while the universally conserved bulge of helix P4 is positioned 5 nt downstream of the cleavage site, changes in its structure can still purturb active site metal binding. Because changes in helix P4 also appear to alter its position relative to the pre-tRNA cleavage site, these data suggest that P4 contributes to catalytic metal ion binding through substrate positioning.
INTRODUCTION
Like other large ribozymes, RNase P is a metalloenzyme that requires the binding of divalent metal ions for both folding and catalysis (Harris and Christian 2003; Fedor and Williamson 2005) . However, relatively little is known about the number or position of catalytic metal ions in RNase P because of the fundamental difficulty of distinguishing catalytic metals from those contributing indirectly to catalysis through structural stabilization. Current biochemical evidence indicates that the universally conserved structural element helix P4 binds metal ions and that perturbation of metal binding to helix P4 causes large (10 4 -fold) catalytic defects Crary et al. 2002) . The long-standing interpretation of these observations has been that the major groove surrounding the universally conserved bulged uridine in helix P4 is the site of catalytic metal ion binding (Frank and Pace 1997; Christian et al. 2002; Crary et al. 2002; Kaye et al. 2002) . However, there is no direct evidence that P4 functional groups interact with the same metal ions as those coordinated to the scissile phosphate. In fact, models of the enzyme-substrate complex derived from recent crystal structures of RNase P RNA indicate a structural rather than a catalytic role for the P4 helix (Kazantsev et al. 2005; Torres-Larios et al. 2005) . To resolve this important issue, we have used short-range cross-linking and quantitative analysis of thiophic metal ion rescue to distinguish between a structural and catalytic role for metal ion interactions with helix P4.
RESULTS AND DISCUSSION
Direct involvement of helix P4 in catalysis should require its close proximity to the scissile phosphate. We, therefore, examined the location of the P4 helix relative to pre-tRNA by intermolecular crosslinking (Fig. 1) . Escherichia coli RNase P RNA containing 4-thiouridine (4sU) at the universally conserved bulged uridine in helix P4 (4sU69 P RNA, Fig. 1A ) yields a specific intermolecular cross-link (XL69) to pre-tRNA in the presence of calcium (Ca 2+ ) (Fig.  1B) . Ca 2+ allows RNase P RNA folding and substrate binding while suppressing enzymatic cleavage, which permits analysis of the ground state enzyme-substrate (E-S) complex (Smith et al. 1992) . Incubation of purified XL69 RNA in magnesium (Mg 2+ ) yields a fragment that comigrates with the 59-leader sequence (Fig. 1C) , demonstrating that the cross-linked RNA is able to achieve a catalytically active conformation and that the relative position of the cross-linked elements is likely to reflect that of the native reaction. Alkaline hydrolysis of 59-32 P-labeled pre-tRNA cross-linked to unlabeled 4sU69 P RNA produces a ladder that extends 4 nt longer than the 59-leader sequence, indicating that cross-linking occurs to the subsequent position N(5) in the pre-tRNA acceptor stem since fragments containing the cross-link will be of larger molecular weight and shifted away from the observed base ladder (Fig. 1D) . The XL69 cross-link provides direct evidence of the proximity of helix P4 to the pre-tRNA substrate. However, the data above also indicate that the universally conserved bulge and adjacent functional groups involved in metal ion coordination (Frank and Pace 1997; Christian et al. 2002; Crary et al. 2002; Kaye et al. 2002) are several nucleotides distant from the reactive phosphate in the ground state E-S complex.
These results suggest that the metal interactions within P4 are not directly involved in chemical catalysis. To test this hypothesis we examined the effect of helix P4 structure on metal ion binding at the pre-tRNA cleavage site. Previous studies showed that phosphorothioate substitution at the pro-R P oxygen of the scissile phosphate results in catalytic defects that can be overcome or ''rescued'' by the addition of cadmium (Cd 2+ ) (Warnecke et al. 1996) . We, therefore, determined the Cd 2+ concentration dependence of rescue of RNase P activity within a constant background of Mg 2+ (10 mM) to ensure folding, to measure the apparent affinity of the rescuing metal ion (K 1/2 Cd ), and to estimate the minimal number of metal ions involved in rescue (n Hill ,) as described in previous studies ( Fig. 2 ; Shan et al. 2001) .
To ask whether P4 structure specifically affects active site metal binding, we examined whether mutations within helix P4 altered the observed affinity of rescuing Cd 2+ at the scissile phosphate (Shan et al. 2001) . For the native P RNA the concentration dependence of Cd 2+ rescue is cooperative, with apparent affinity for rescuing Cd 2+ (K 1/2 Cd ) of 6.7 6 2.0 mM, and an n Hill of 1.8 6 0.3, consistent with previous studies (Beebe et al. 1996; Warnecke et al. 1996 ; Fig. 2A, solid line) . Mutation of the universally conserved bulged uridine to A (U69A), which has been shown to cause only modest effects on binding and catalysis , has no effect on Cd 2+ binding affinity or cooperativity (K 1/2 Cd = 4.4 6 1.2 mM, n Hill of 1.6 6 0.3). Similarly, individual mutations within two other universally conserved regions in RNase P RNA that have been proposed to be involved in active site contacts (J5/15 and J18/2) (Kurz and Fierke 2000; Harris and Christian 2003) also had little effect. Specifically, mutation of A248 to U in J5/15, which disrupts a conserved base-pairing interaction with the N(ÿ1) base adjacent to the cleavage site, has only a modest effect on rescuing Cd 2+ affinity ( K Cd 1=2 = 18 6 3 mM, n Hill = 2.0 6 0.4), while mutation in J18/2 at a position identified by short-range cross-linking from the cleavage site (G332C) is essentially the same as wild-type E. coli RNase P RNA ( K Cd 1=2 = 5.6 6 1.2 mM, n Hill = 1.6 6 0.3, Fig. 2A ). These data indicate that the identity of the universally conserved bulge base and conserved elements in J5/15 and J18/2 proposed to be involved in active site contacts are not directly linked to metal binding at the pre-tRNA cleavage site.
In contrast to the findings above, mutations that remove or change the position of the bulged uridine in helix P4 (D69, D69U68, and D69U70, Fig. 1A ), cause significant changes in both affinity and number of rescuing Cd 2+ ions (Fig. 2B ). These mutations have previously been shown to cause large catalytic defects and reduce apparent Mg 2+ binding . Here, these mutations show no sign of saturation of thiophilic metal ion binding at the scissile phosphate, reducing the affinity of rescuing Cd 2+ by at least sixfold. In addition, there is a significant decrease in the apparent cooperativity of rescuing metal binding at the scissile phosphate, (n Hill = 1) (Fig. 2B) . Importantly, these mutations have previously been shown to only alter terbium (Tb +3 ) cleavage of the P RNA backbone at or immediately adjacent to the site of mutation and are thus unlikely to reflect indirect effects from changes in RNA folding . These data indicate that helix P4 plays a role in positioning catalytic metal ions despite its distance from the reactive phosphate.
The close association of helix P4 and the pre-tRNA acceptor stem and the sensitivity of catalytic metal ion affinity to the loss or change in the position of the P4 bulge suggests that helix P4 may act to position the scissile phosphate relative to other active site elements. To test this hypothesis we examined cross-linking in the D69U70 and D69U68 mutant ribozymes. No cross-linking to the pre-tRNA substrate was observed when a 4sU was placed at a bulge repositioned 1 nt in the 39 direction in D69U70 P RNA (data not shown). However, an intermolecular crosslink (XLU68) was observed when the bulge was moved 1 nt in the 59 direction in the D69U68 P RNA (Fig. 1E) . Reaction of the XLU68 cross-link in Mg 2+ leads to a decrease in full-length XLU68 and the formation of a new band migrating well above that expected from the release of the 59-leader sequence observed for XLU69. These data indicate that XLU68 retains catalytic activity and that the site of P4 cross-linking is shifted into the 59 leader at least 5 nt from the native position within the acceptor stem. Alkaline hydrolysis mapping of the XLU68 cross-link site confirms this interpretation and demonstrates cross-linking at N(ÿ2), upstream of the pre-tRNA cleavage site (Fig. 1F) . Thus, P4 mutations that weaken catalytic metal ion binding without large-scale effects on P RNA structure can also change the position of the pre-tRNA cleavage site within the ground state enzyme-substrate complex.
The data above thus provide insight into three fundamental elements of RNase P function. First, our data indicate that the metal binding pocket in helix P4 is sufficiently distant from the cleavage site in the ground state to make its direct participation in catalytic metal binding unlikely. These data provide a key distance constraint between the ribozyme and the middle of the pre-tRNA acceptor stem, as well as functional data that is consistent with enzyme-substrate interactions predicted from recent crystallographic data (Kazantsev et al. 2005; Torres-Larios et al. 2005 ; Fig. 3) . Second, the phosphorothioate-rescue studies above show that changes in P4 structure can nevertheless have dramatic effects on metal ion binding at the reactive phosphate. The indirect effect of helix P4 on catalysis provides a concrete example of metal FIGURE 2. Quantitative phosphorothioate rescue analysis of the effects of mutations in the P RNA catalytic core. (A) Cd 2+ concentration dependence of k rel (k sulfur /k oxygen ) for cleavage of pre-tRNA ASP with a cleavage site R P phosporothioate modification by native P RNA (circle), and mutants A248U (square), G332U (triangle), and U69A (diamond) plotted as a function of a nonlinear form of the Hill equation as described previously (Shan et al. 2001 ). The effect of Cd 2+ on rate is expressed as the ratio of the observed reaction rate for the phosphorothioate substituted substrate to the corresponding unmodified control (k rel ), which controls for nonspecific effects of Cd 2+ binding on the reaction. (B) Cd 2+ concentration dependence of k rel for cleavage of the Rp phosporothioate-modified substrate by the D69 (circle), D69U68 (diamond), and D69U70 (triangle) mutant RNase P ribozymes. Solid black line reflects a plot of the data from D69U68 RNase P RNA plotted with n Hill fixed at 2. Note that all reactions were carried out in a constant background of 10 mM MgCl 2 to ensure RNA folding and that there was essentially no inhibition of the observed reaction rate due to the presence of Cd 2+ even at the highest concentrations tested (40 mM).
binding at one position altering metal binding and structure at a different position in an RNA complex. Specifically, the data suggest that structural metal binding in helix P4 leads to specific but indirect stabilization of catalytic metal ions at the scissile phosphate, illustrating potentially profound effects of coupled metal ion interactions on RNA structure and function. Third, we show that the perturbation of the position of the bulged U in P4, which inhibits catalytic metal ion biding , leads to a change in the position of pre-tRNA within the active ribozyme-substrate complex. This finding suggests a helix P4-metal interaction with the acceptor stem that positions the reactive phosphate in the active site, providing for optimal catalytic metal ion coordination. Taken together, these new data help to resolve conflicting observations about the roles of helix P4, metal ions, and substrate binding in RNase P (Smith and Pace 1993; Frank and Pace 1997; Christian et al. 2002; Crary et al. 2002; Kazantsev et al. 2005; Torres-Larios et al. 2005) .
MATERIALS AND METHODS

RNA synthesis and ribozyme reactions
The synthesis of wild-type and site-specifically modified RNAs have been described previously (Christian et al. 2000) . Briefly, wild-type or mutant RNase P ribozyme (E. coli) and wild-type substrate (Bacillus subtilis pre-tRNA ASP ) were transcribed using T7 polymerase and DNA plasmid under standard conditions. RNAs containing site-specific phosphorothioate (PS) or 4sU modifications were made by ligating two RNA fragments using the method of Moore and Sharp (1992) . PS or 4sU modifications were incorporated into short (11-nt) oligonucleotides by chemical synthesis (Dharmacon) and subsequently ligated to transcribed RNA fragments containing the remaining sequence of ribozyme or substrate. Individual stereoisomers of PS modified oligonucleotides were separated by reverse phase HPLC as described by Slim and Gait (1991) prior to ligation.
UV cross-linking
Cross-linking was done under conditions of excess substrate ([S]/[E] > 5) in the presence of CaCl 2 at low pH (5.5) to allow RNA folding and substrate binding while suppressing catalysis during the cross-linking reaction. Ribozymes containing 4sU at positions 68, 69, or 70 (see text) and 59-32 P-labeled substrate pretRNAs were resuspended separately in 1 M NH 4 Cl, 50 mM MES (pH 5.5), 0.02% NP40 to a concentration of 200 nM and 1 mM, respectively, and renatured in a PTC-100 programmable thermal controller (MJ Research; 85°C for 3 min, cooled to 65°C at 0.2°C/sec, maintained at 65°C for 5 min, cooled to 50°C at 0.25°C/sec, maintained at 50°C for 15 min, cooled to 37°C at 0.2°C/sec, maintained at 37°C for 15 min). CaCl 2 was then added to a final concentration of 25 mM and the RNAs incubated for an additional 15 min at 37°C. Equal volumes (200 mL) of ribozyme and substrate RNAs were combined and allowed to incubate at 37°C for 2 min and then set on ice. Aliquots (12 mL) were placed on a parafilm-covered aluminum block on ice and the samples were irradiated at 366 nm (UVP model UVGL-58) for 15 min through a 1 /8-in. glass plate at a distance of 3 cm (Harris et al. 1997) . Individual aliquots were then pooled, phenol extracted, and the RNA recovered by ethanol precipitation. Cross-linked RNAs were separated from uncross-linked material on a 6% (19:1) polyacrylamide 8 M urea gel and recovered as described above but with the addition of glycogen (10 mg/mL final concentration) to facilitate precipitation. The locations of individual RNA-RNA cross-links were mapped by alkaline hydrolysis of purified crosslinked RNAs in the presence of 0.1 M NaOH at 37°C for 3 min, followed by the analysis of the cleavage products on a 22.5% (19:1) polyacrylamide 8 M urea gel. Alkaline hydrolysis produces a discrete cleavage ladder from the 32 P-labeled 59 end of the pretRNA substrate to the nucleotide immediately adjacent to the site of cross-linking and is separated from slow migrating pre-tRNA fragments cross-linked to RNase P RNA. The site of 4sU crosslinking to the pre-tRNA substrate is thus one nucleotide position further from the 59-32 P-labeled end of pre-tRNA than that indicated by the largest band in the alkaline ladder. The ability of cross-linked RNA to undergo self cleavage was tested by renaturing purified fractions of XL68 and XL69 as described above with the exception that MgCl 2 (25 mM final concentration) was added in place of CaCl 2 and the RNA allowed to incubate for an additional 30 min at 37°C. Reactions were terminated and analyzed by PAGE as described above and quantified with a Molecular Dynamics Phosphorimager.
Analysis of catalytic metal ion affinity
Experiments to measure apparent metal binding affinity at the pre-tRNA cleavage site took advantage of the observation that Cd 2+ can rescue inhibition of reaction rate due to PS substitution of the cleavage site pro-R P oxygen (Warnecke et al. 1999) . Quantitative thiophilic metal ion rescue analysis was used to analyze the apparent affinity of the rescuing Cd 2+ ions (Shan and Herschlag 1999 ). In the current work the rate of cleavage (k obs ) for pre-tRNA substrate with and without PS substitution was examined in the context of wild-type and mutant (see text) E. coli RNase P RNA. All reactions were single-turnover, with ribozyme (1.5 mM) in excess over 59-32 P-labeled pre-tRNA ASP substrate (2 nM). Reactions were carried out at 37°C in 50 mM buffer (MES at pH 6, HEPES at pH 7, 7.5), 0.02% NP40 with a constant background of 10 mM MgCl 2 to insure folding of ribozyme and substrate (Pan et al. 1999) , and varing concentrations (0-40 mM) of CdCl 2 . Ribozyme and substrate were annealed separately as described above with the exception that MgCl 2 and CdCl 2 were added in place of CaCl 2 . Reactions were initiated by combining annealed ribozyme and substrate RNA. Ten 2-mL aliquots were removed from the reaction mixture (40 mL) at specific times to insure representative analysis of at least three reaction half-lives ($3 t 1/2 ). Reaction of the aliquot was quenched by mixing with 6 mL of stop solution (90% formamide, 125 mM EDTA, 0.005% xylene cyanole, 0.01% bromphenyl blue, and 1 mM Tris at pH 7.5). Reaction products were separated on a 22.5% (19:1) polyacrylamide 8 M urea gel and the conversion to product at each time point quantified with a Molecular Dynamics PhosphorImager.
Analysis of reaction kinetics
The pseudo-first-order rate constant (k obs ) was determined by fitting plots (KaleidaGraph, Synergy Software) of the fraction of RNA cleaved as a function of time to an equation for a single exponential:
where [P] is the concentration of product formed at time t, [S] total is the initial substrate concentration added to the reaction, A represents the maximal extent of the reaction, and B is the amplitude of the exponential.
To control for nonspecific effects on ribozyme structure due to changes in divalent ion concentration, the relative reaction rate (k rel ) was calculated from the ratio of the observed reaction rates (k obs ) of molecules that differ by the single sulfur substitution (e.g., k rel = K 
where n is the Hill coefficient that gauges the cooperativity of Cd 2+ binding (n = 1 represents no cooperativity) and K Cd represents the Cd 2+ concentration required to attain half the maximal rate (k max ) of self-cleavage at saturating Cd 2+ levels. It is important to note that, for the reactions performed here in the presence of a constant background of 10 mM Mg 2+ , there was essentially no inhibition of the observed reaction rate due to the presence of Cd 2+ even at the highest concentrations tested (40 mM).
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